Globally, environmental and social change in water-scarce regions challenge the sustainability of social-ecological systems. WaterSES, a sponsored working group within the Program for Ecosystem Change and Society, explores and compares the social-ecological dynamics related to water scarcity across placed-based international research sites with contrasting local and regional water needs and governance, including research sites in Spain and Sweden in Europe, South Africa, China, and Alabama, Idaho, Oklahoma, and Texas in the USA. This paper aims to provide a commentary on insights into conducting future solutions-oriented research on water scarcity based on the understanding of the social-ecological dynamics of water scarce regions.
Introduction
Global demand for freshwater sources combined with a declining water supply and quality translates in an issue for approximately two-thirds of the global population and nearly every regional-scale watershed experiences severe water scarcity for at least one month of the year [1] [2] [3] [4] [5] . Developing equitable and effective governance solutions for water scarcity is a global priority [6] [7] [8] to achieve global sustainability [9] [10] [11] . Governance solutions for water scarcity are defined as the social and political processes of fixing goals for the management of water scarce social-ecological systems (SES). SES are complex, adaptive systems in which social and bio-geophysical components interact at multiple temporal and spatial scales [12, 13] . Here, among different SES frameworks, we adopt the SES concept as a broad framework that is useful for understanding the interlinked dynamics of environmental and societal change [14, 15] . Though interactions between ecological and social components exist across spatial scales in different SES [2] , water governance solutions to address water scarcity associated with cross-scale and cross-sectoral interdependencies have not yet been developed [7, 8] . Therefore, advancing equitable water governance solutions requires place-based approaches, solutions based on the co-production of knowledge [3, 4, 8] , and the existence of institutional diversity and multi-level governance that considers cross-scale and cross-sectoral interdependencies [4] . Such cross-scale approaches that include local to broader scales may have the potential to provide a generalizable framework capable of being translated across different socio-ecological systems [9] [10] [11] .
Over previous decades, various research networks have emerged to facilitate the synthesis of SES research conducted at the local scale [12] . In particular, the Programme on Ecosystem Change and Society (PECS) was launched in 2011 with the goal of synthesizing insights that may contribute to global sustainability [16] [17] [18] . PECS evolved from explicit recommendations made by the Millennium Ecosystem Assessment to establish a global effort to foster coordinated, place-based research for understanding the dynamic relationship between humans and ecosystems. The principal approach of PECS research is based on comparisons of place-based, long-term, social-ecological case studies [19] . Place-based SES research can explore the interplay between physical and social dynamics that both cause water problems, and it may guide future governance solutions by recognizing the distinctiveness of local entities, while also addressing the impacts of external forces [20] [21] [22] . Place-based SES science on water scarcity is taking place in numerous locations around the world, but the impact of these efforts is limited because of the following reasons:
• Every region does not have the resources to generate its own place-based SES science. Not only is interdisciplinary expertise needed, but a great deal of social capital and research funding is also required. • While effective and equitable solutions are often best generated at a local/regional level, many regions require additional research and institutional infrastructure to enable solution development.
•
Changing environmental and social conditions demand rapid scientific solutions. This often results in insufficient time to independently create new place-based solutions in specific places.
Thus, generating solutions for particular regions could be facilitated by communicating and sharing experiences and lessons from regions across the world that are coping with related challenges [17, 23] . WaterSES (www.pecswaterses.com) is an international, interdisciplinary research team within PECS that promotes placed-based comparative research to study the SES dynamics that cause, and are caused by, water scarcity across international research sites in Sweden, Spain, China, South Africa and the USA (Oklahoma, Alabama, Texas, and Idaho) ( Figure 1 ). Water scarcity across all WaterSES place-based research sites is produced by both different climates and socio-ecological dynamics, but all sites are experiencing new human demands on water resources that require effective and equitable governance solutions. Therefore, the SES framework is a useful approach for understanding the interlinked dynamics of environmental and societal change and providing insights for addressing water scarcity. Table 1 presents the different social-ecological dynamics that are producing water scarcity across all sites. WaterSES research sites presented here correspond to (1) cases where long-term research has been conducted, such as the Kiamichi Watershed (Oklahoma) and the watershed in the Almería region of Spain, Las Vegas Rural and Agrarian District-Madrid and the Portneuf and Treasure Valleys regions of Idaho; and (2) new cases, such as the Loess Plateau (China), the Norrstrom B., (Sweden), and the Breede-Gouritz (South Africa) where we are in the process of collecting data that can help us establish further comparisons and sharing of experiences and lessons. In order to provide solutions to address water scarcity, WaterSES embraces sustainability science principles related to complex and systemic thinking [24] and is comprised of a research team with expertise in ecology, hydrology, environmental justice, climate change, economics, land change science, rural sociology, resilience thinking, social-ecological system science and ecosystem services. Africa) where we are in the process of collecting data that can help us establish further comparisons and sharing of experiences and lessons. In order to provide solutions to address water scarcity, WaterSES embraces sustainability science principles related to complex and systemic thinking [24] and is comprised of a research team with expertise in ecology, hydrology, environmental justice, climate change, economics, land change science, rural sociology, resilience thinking, social-ecological system science and ecosystem services. Multidisciplinary expert workshops are commonly-used platforms to identify research challenges in sustainability science. [25] . Here, we report on our implementation of the PECS approach to provide insights for solutions-oriented research on water scarcity by (1) characterizing SES characteristics and water supply and demand across WaterSES research sites; and (2) reporting the outcomes of a subsequent WaterSES workshop to identify key sustainability challenges for regions experiencing water scarcity. The Kiamichi River is a relatively pristine, rural river known for its high aquatic biodiversity. The river lies within a Native American jurisdictional area and is at the center of intense, regional conflict over water use and governance. The river is influenced by two impoundments, which supply water for urban areas over 100 miles away. Water availability to these reservoirs is predicted to decrease over the next 25 years because of Multidisciplinary expert workshops are commonly-used platforms to identify research challenges in sustainability science [25] . Here, we report on our implementation of the PECS approach to provide insights for solutions-oriented research on water scarcity by (1) characterizing SES characteristics and water supply and demand across WaterSES research sites; and (2) reporting the outcomes of a subsequent WaterSES workshop to identify key sustainability challenges for regions experiencing water scarcity. Table 1 . Description of social-ecological dynamics across WaterSES research sites caused by and/or causing water scarcity and water governance issues.
WaterSES

Research Site SES Dynamics Influencing Water Scarcity and Governance
Treasure Valley, Idaho, USA
In the Treasure Valley, industrial-scale agriculture is responsible for nearly all of the region's current water use and contributes to extensive water quality degradation. In addition, the Treasure Valley is home to Idaho's largest metropolitan area, Boise, the fastest growing city in the USA. Rapid urban expansion coupled with climate change is driving conflicts related to the quality and quantity of water supplies.
Portneuf River Valley, Idaho, USA
In the Portneuf River Valley, agricultural land use and irrigation water withdrawals in the upper drainage, combined with flood control management in the lower drainage via levees and a concrete channel, has reduced water quantity and quality. This has limited ecosystem health, recreational opportunities, and river-community connections, all of which are increasingly desired by residents, especially those in the midsize city of Pocatello, the only urban center in the valley.
Kiamichi River watershed, Oklahoma, USA
The Kiamichi River is a relatively pristine, rural river known for its high aquatic biodiversity. The river lies within a Native American jurisdictional area and is at the center of intense, regional conflict over water use and governance. The river is influenced by two impoundments, which supply water for urban areas over 100 miles away. Water availability to these reservoirs is predicted to decrease over the next 25 years because of increased drought from climate change and an increasing human population. Concurrently, drought and poor water management have already led to large declines in biodiversity and ecosystem services provided by the river. These problems are exacerbated by the fact that there are no established environmental flows to protect aquatic life. 
WaterSES
Research Site SES Dynamics Influencing Water Scarcity and Governance
San Marcos River, Texas, USA Located in one of the fastest growing regions in the USA which is also a water-limited environment, the San Marcos River is experiencing increasing demands on its water resources, particularly due to recreational demands. This increased development and usage of the river is affecting its water quality and sensitive aquatic ecosystem.
Mobile River Basin, Alabama, USA
In the Mobile River Basin, more frequent and extreme droughts in conjunction with human water demand, which is anticipated to increase in the future, is culminating in increased demands on water supply and potential declines in aquatic biodiversity and ecosystem function in this species rich area.
Las Vegas Agrarian and Rural District, Madrid, Spain
This region, known as "the orchard of Madrid" due to its fertile valleys, has a long tradition of agriculture and related agri-food industries. While the area has not been subject to significant urbanization or loss of agricultural land, commercial agriculture has increased the total irrigated area, replacing traditional practices and crops with crops with higher water demands. This has compromised the maintenance of cultural values and decreased freshwater availability, leading to social-ecological conflict.
Spanish watersheds, Almeria, Spain
The Spanish watersheds are the most arid region in Europe and have little surface water availability for much of the year. Despite this, groundwater use for greenhouse horticulture development (the largest concentration of greenhouse agriculture on the planet) has made this region the largest producer of vegetables in Europe, and the over-exploitation and salinization of aquifer systems is amplifying water scarcity issues.
Norrstrom Basin, Sweden
The Norrstrom drainage basin is heterogeneous in terms of land cover and land use and includes two of Sweden's largest lakes, Lake Malaren and Lake Hjalmaren. Lake Malaren is crucial for the water security of more than a fourth of the Swedish population, and the region is growing rapidly. Interestingly, the human-dominated landscapes in the region remain highly multifunctional with no major tradeoffs between agricultural and water-related ecosystems services. However, there is a looming risk of drinking water contamination due to climate change-related salt water intrusion. Climate change will also lead to drier summers and milder winters with more and higher intensities of precipitation.
Breede-Gouritz, South Africa, Africa
In the Breede-Gouritz basin, limited rainfall over the last three years has led to drought in the Western Cape province of South Africa where this region is found. This recent drought, coupled with over-exploitation of water resources for irrigation purposes, has led to severe water scarcity in the region. As a result, water use restrictions are already in place to curb water use.
The Loess Plateau, China, Asia
The Loess Plateau Region, home to more 50 million people, has been identified as one of the most agriculturally vulnerable regions to climate change in China. Climate change is predicted to cause increases in the average annual temperature and drought frequency, changes in the timing of rainfall, decreased water availability, and increased soil erosion. Additionally, intense precipitation events are likely to increase, while decreased runoff from the Yellow River is expected to lead to water shortages that will be made worse by a growing population. Compounding these problems are water quality issues caused by industrial pollution and soil erosion from agriculture practiced on the steep and highly erodible Loess slope land.
Workshop for Identifying Sustainability Challenges
In the Spring of 2017, the WaterSES team met for a workshop at the Idaho State University (USA) with the goal of synthesizing research conducted across WaterSES sites. The main goal of the workshop was to collaboratively identify the social-ecological dynamics caused by, and causing water scarcity and to discuss the key sustainability challenges across water scarce SES. Based on existing data and research on water supply and demand for WaterSES sites, we first collectively characterized the social-ecological characteristics of each WaterSES site. Then, in cases where water supply is not meeting water demand, we identified the causing economic hardships, degraded ecosystem health, and/or potential derived environmental injustices.
Prior to the workshop, the WaterSES team completed an online questionnaire (see Supplementary S1 ). The purpose of the online questionnaire was to synthesize research conducted across WaterSES sites and individually identify key challenges limiting sustainability based on WaterSES sites [17] . The workshop brought together 12 scientists from different disciplines as a way to learn from each individual site. The workshop was organized into three dynamics (Figure 2 , see workshop agenda in Supplementary S2) [26] . First, presentations were given for each WaterSES site to get a deeper understanding of all WaterSES sites. Then, we collectively discussed the sustainability challenges collected in the online questionnaire, grouped them into different categories, and reached consensus as to which three were the most important (dynamic 1, Figure 2 ). Next, workshop participants were divided into three groups based on their backgrounds to characterize each challenge based on data needs, data availability and knowledge gaps (dynamic 2, Figure 2 ). Finally, each group defined and identified key actions to overcome their respective challenge (dynamic 3, Figure 2 ).
Prior to the workshop, the WaterSES team completed an online questionnaire (see Supplementary S1 ). The purpose of the online questionnaire was to synthesize research conducted across WaterSES sites and individually identify key challenges limiting sustainability based on WaterSES sites [17] . The workshop brought together 12 scientists from different disciplines as a way to learn from each individual site. The workshop was organized into three dynamics (Figure 2 , see workshop agenda in Supplementary S2) [26] . First, presentations were given for each WaterSES site to get a deeper understanding of all WaterSES sites. Then, we collectively discussed the sustainability challenges collected in the online questionnaire, grouped them into different categories, and reached consensus as to which three were the most important (dynamic 1, Figure 2 ). Next, workshop participants were divided into three groups based on their backgrounds to characterize each challenge based on data needs, data availability and knowledge gaps (dynamic 2, Figure 2 ). Finally, each group defined and identified key actions to overcome their respective challenge (dynamic 3, Figure 2 ). Table 2 summarizes the major social and environmental characteristics of each WaterSES research site, including information about the major water uses and stresses in each site and the important ecosystem services. The three sustainability challenges identified during the workshop corresponded to ( Figure 3 ): (1) bridging the gap between increasing demands for water and declining water supply and quality; (2) using social-ecological knowledge for water scarcity management; and (3) towards transdisciplinary social-ecological research. Table 2 summarizes the major social and environmental characteristics of each WaterSES research site, including information about the major water uses and stresses in each site and the important ecosystem services. The three sustainability challenges identified during the workshop corresponded to ( Figure 3 ): (1) bridging the gap between increasing demands for water and declining water supply and quality; (2) using social-ecological knowledge for water scarcity management; and (3) towards transdisciplinary social-ecological research.
Challenges for the Sustainability of Water Scarce Social-Ecological Systems
Sustainability Challenge 1: Bridging the Gap between Increasing Demands for Water and Declining Water Supply and Quality
The most tangible solutions to address water scarcity are likely occur at a regional scale, ideally at the watershed scale [27] [28] [29] [30] . This challenge corresponded to SES understanding [31] and identified the need to investigate how to best meet the demand for water in an equitable manner (Figure 3 ). The first step is the determining supply and demand of water resources at a given site. Water supply calculations require empirical hydrologic data, which can be difficult to obtain for the various stores of water in a basin [32] . Projecting future water supplies adds further complexity, given uncertainties in climate and land use changes and cross-scale interactions between both [33] [34] [35] . However, as long as reliable environmental data are available (ideally over long periods), then deriving water budgets for both the present and future is feasible. Calculating water demand is more nuanced because water use changes over time, and this occurs in response to interrelated, dynamic external factors including (but not limited to) climate, land management, personal tastes, and economic factors. Determining the social demand of water resources (beyond water consumption) requires in-depth survey questionnaires from a relatively large sample of diverse stakeholders to document water needs for recreation, aesthetics, tourism, and other cultural uses of water [28] . For environmental justice, data on income, health impacts, water allocation, access, human well-being, and ecosystem health is needed. In addition, assessments of how varying governance arrangements either cause or solve environmental justice problems related to water access are needed to develop a better understanding of equitable place-based solutions.
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Place-based social-ecological research sites
Sustainability of Water Scarce
Social-Ecological Systems Given the diverse social and environmental conditions that characterize the different WaterSES sites, investigating the supply vs demand of water resources and questioning environmental justice pose distinct challenges. However, such context-dependency does not necessarily preclude the transferability of approaches and lessons. Table 3 indicates the WaterSES sites where water supply is not meeting demand, causing economic hardships, degraded ecosystem health, and/or environmental injustices. For instance, the Kiamichi River in Oklahoma used long term data on river flow, water quality, and land use to assess water needs to maintain ecosystem health [36] , followed by survey-based quantification of social perceptions and willingness to pay for preserving water-related ecosystem services among stakeholder groups [37] . The latter identified some of the roots behind conflicts among stakeholders (e.g., urban vs. rural, Tribal vs. non-native) as well as issues of environmental justice [38, 39] . In WaterSES sites such as Texas, Alabama and Idaho, findings related to water scarcity conditions suggest important questions need to be asked regarding stakeholder groups involved in water disputes and socio-economic consequences ( Table 3 ). 
Sustainability Challenge 2: Using Social-Ecological Knowledge for Water Scarcity Management
While scientists create a substantial amount of knowledge about the social-ecological dynamics of water scarcity, policy-making is rarely guided by this knowledge [40] . Rather, policy decisions are frequently designed to achieve short-term economic or political goals. Additionally, mismatches between the spatial and institutional scale at which ecosystem services are provided and governed frequently lead to loss of SES function or other unintended consequences [41] [42] [43] .
This challenge corresponds to the phase of sustainability implementation [31] and emphasizes the need to create new structures so that scientific knowledge can influence political decisions that support societal goals, as well as a need to understand why sustainability science is not included in decision-making, and how science can be performed and communicated to ensure its incorporation into policy decision-making ( Figure 3) . We identified the need to include diverse knowledge sources in research design and policy making, including traditional, experiential, local and indigenous scientific knowledge, as postulated by the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services [10] , to facilitate co-learning among stakeholder groups and scientists, and to enable more sustainable governance solutions that incorporate multiple stakeholder needs, values and interests.
For example, the WaterSES team is conducting research to incentivize the co-design, co-learning, and co-dissemination of SES knowledge in Las Vegas Agrarian District (Madrid, Spain). Historically, this region was commonly referred to as the "orchard" of Madrid due to its agriculture and freshwater availability ( Table 1) . To support the development of sustainable solutions that deal with emerging water scarcity issues, a participatory strategy is being implemented for agroecosystems beyond market instruments [44, 45] . WaterSES is also addressing different institutional settings that govern water resources using cases in Idaho and Texas [46] . These case studies highlight concerns about jurisdictional and political constraints in water management, such as historic water rights [47] , and how scientific knowledge has not been fully transmitted to practitioners and policy makers [48] . For example, novel research methods, such as participatory system dynamics, have been used to engage stakeholders and create a nexus of science, policy points, and social concerns as well as local knowledge to describe the issue of water scarcity with an emphasis on groundwater [48] .
Sustainability Challenge 3: Towards Transdisciplinary Social-Ecological Research
As emphasized by the international programme, "Future Earth: Research for Global Sustainability" [49] , there is a need for new science to respond to the urgent challenges of global sustainability [50] (Figure 3 ). This challenge represents the stage of bridging understanding with implementation (challenge 1 and 2) in order to emphasize the need of dialogues between society and scientists [51] [52] [53] . Achieving this requires scientists to partner with policy makers and social actors to co-produce knowledge that is useful and credible [50, 54] . Coupled with this is the need to develop and encourage new professions that bridge science and policy, such as facilitators and innovation brokers [55] [56] [57] . This new, co-produced science needs to be able to be implemented to rapidly respond to environmental crises, such as droughts and floods [58, 59] . Finally, more effective tools and strategies for translating and communicating sustainability science are required, including the use of graphics, personal stories, social media, and videos [16] . Addressing this suite of needs would be immediately useful in achieving place-based governance solutions [47] .
For instance, in the South African and Chinese WaterSES sites, scientific agendas are emerging that are strongly guided by water societal demands [60, 61] . Similarly, in the Spanish semi-arid watersheds (Almeria, Spain) there is a strong body of recent work on the social-ecological issues surrounding water scarcity and the loss of ecosystem services [62] [63] [64] , much of which has potential applicability to WaterSES sites in the USA, including insights as to the consequences of a future, drier climate. However, in this Spanish site, few scientific recommendations have been implemented because of poor communication and the lack of research co-design between policy makers, scientists, and stakeholders [65, 66] . In contrast, at the Portneuf Valley site (SE Idaho, USA), purposeful co-production efforts have led to improved integration of science in policy-making (e.g., with respect to public planning of river restoration) [67, 68] .
Expert knowledge, as used in this research, provides insight into challenges faced in water-scare social-ecological systems, but it has its limitations [69] [70] [71] . Detailed analysis is needed to provide evidence and to make explicit the severity of water scarcity issues as presented by experts and to find possible solutions using social-ecological models [72] . For example, [71] used a hydrological social-ecological model to prioritize areas where investment in ecological infrastructure through restoration action could improve water supply in South African catchments. Such an approach could compliment current policy instruments related to water restrictions being implemented in South Africa. The benefit of balancing water supply and demand including the use of policy instrument directed towards reducing demand has been emphasized by several scientists around the globe [73, 74] .
Conclusions
The PECS approach holds promise for synthesizing insights gained from place-based research sites to inform the global sustainability agenda. WaterSES has begun to realize some of this promise, as our team explores the interplay between physical and social dynamics that cause water scarcity issues and facilitates the identification of effective and equitable governance solutions. Thus far, lessons learned across WaterSES research sites suggest that solutions for particular regions could be facilitated by strategies that foster communication and sharing of experiences and lessons from regions around the world. Finally, experiences and results from WaterSES should be combined with those from the growing list of other PECS projects and working groups to provide feedback to the PECS community and allow adaptive evaluation of the PECS approach itself. In other words, our opinions presented in this paper and through the WaterSES workshop aim to provide a timely commentary on the PECS approach, which we believe has been a more popular way to address challenges of water scarcity across the globe. 
